



















Rapid X-ray Declines in Swift Gamma Ray Burst Lightcurves
Explained by A Highly Radiative Blast Wave Phase
Charles D. Dermer1
ABSTRACT
X-ray lightcurves of GRBs show rapid declines some hundreds of seconds after
the burst trigger in ≈ 30% of GRBs in the Swift sample. Treating the standard
blast model in a uniform circumburst medium, we show that if GRBs accelerate
ultra-high energy cosmic rays through a Fermi mechanism, then the hadronic
component can be rapidly depleted by means of photopion processes on time
scales ∼ 102 – 104 s after the GRB explosion. While discharging the hadronic
energy in the form of ultra-high energy cosmic ray neutrons and escaping cosmic
ray ions, the blast wave will go through a strongly radiative phase that drives
the mean blast wave Lorentz factor to a radiative asymptote. This process is
argued to cause the steep declines observed with Swift in the X-ray light curves
of GRBs, implying that GRB sources showing rapid X-ray declines take place in
rather dense media, with n & 102 cm−3 out to & 1017 cm.
Subject headings: gamma rays: bursts — stars: winds, outflows — nonthermal
radiation physics
1. Introduction
Important clues to the nature of GRBs are encoded in their light curves. Swift observa-
tions are giving a new data base of GRB light curves, consisting of a BAT light curve in the
15 – 150 keV range followed after slewing within ≈ 100 s by a detailed 0.3 – 10 keV XRT
X-ray light curve and by UVOT monitoring (Gehrels et al. 2004). Extrapolating the BAT
light curve to the XRT range gives ∼ keV X-ray light curves since the trigger. O’Brien et
al. (2006) present a catalog of the combined 0.3 – 10 keV light curves of 40 GRBs, of which
14 or so have measured redshifts, ≈ 30% display rapid X-ray declines, and an additional
≈ 30% display features unlike simple blast wave model predictions. About one-half the
sample shows X-ray flares or short timescale structure.
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A combined leptonic-hadronic GRB model is considered in this paper. The analysis fol-
lows the standard blast wave model (e.g., Me´sza´ros 2006). We show that if GRBs accelerate
cosmic rays to ultra-high energies, then for a certain class of GRBs, the GRB blast wave will
become strongly radiative during the early afterglow and, arguably, will exhibit rapid X-ray
declines. This class of GRBs is defined by a range of blast wave and environmental param-
eters, namely initial Lorentz factors Γ0 ∼ 100 – 300, apparent total energy releases & 1054
ergs, and surrounding medium density n & 102 cm−3, assumed to be proton dominated. The
blast wave microphysical parameters ǫe, ǫB must both be & 0.1.
For these GRBs, Fermi processes in the blast wave are assumed to accelerate proton
and ions, like they do electrons, to ultrarelativistic energies. Photopion interactions by
the ultrarelativistic ions with the internal synchrotron photons make a source of escaping
neutrons, neutrinos and cascade γ-rays. Proton synchrotron photons provide a weaker com-
ponent. This interpretation explains CGRO observations on GRB 940217 and GRB 941017,
and makes predictions for correlated Swift and GLAST observations, IceCube, ground-based
Cherenkov telescopes, and Auger.
2. Analysis
The energy flux ΦE = dE/dAdt = νFν = fǫ = L∗/4πd
2
L, where dL = 10
28d28 cm is the
luminosity distance, and the source luminosity L∗ = 4πx
2cu′0Γ
2. We employ the relations
ǫ′ = hν ′/mec
2 ∼= (1 + z)ǫ/2Γ and x ∼= 2Γ2ctv/(1 + z), where tv is a characteristic measured
variability time scale and primes denote quantities in the comoving fluid frame. Thus the
comoving energy density u′ǫ′ = mec
2ǫ′2n′ph(ǫ
′) ∼= kd2Lfǫ/cx2Γ2 , where k & 1/3 gives the
kinematic minimum photon energy density that produces a received spectrum with νFν flux





[uaH(1− u) + ubH(u− 1)]
ǫ′ 2
, (1)
where u = ǫ/ǫpk = ǫ
′/ǫ′pk, fǫpk = 10
−6f−6 ergs cm
−2 s−1 is the peak νFν flux at the νFν peak
photon energy ǫpk, a > 0 and b < 0 are the νFν indices, and the Heaviside function H(r)
restricts the lower and upper branches of the spectra to their respective ranges.
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2.1. Photopion Losses
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pk. Here we use the approximation of Atoyan &
Dermer (2003), where the product of the photopion cross section and inelasticity is σKφπ(ǫ
′
r) =
σˆ ∼= 70 µb for ǫ′r & ǫ′thr ∼= 400, and vanishes for ǫ′r ≤ ǫ′thr.





yb−1, y ≥ 1
(3−b)(a−b)
2(a−1)
, y ≪ 1, 1 ≤ a ≤ 3
(1−b)(3−b)
(3−a)(1−a)
ya−1, y ≪ 1, 0 ≤ a ≤ 1
(3)
where y = 1 defines the Lorentz factor γ¯′p of protons that interact primarily with internal
synchrotron photons at the νFν peak frequency ǫ
′
pk. We call this the peak cosmic-ray proton
energy E¯p = mpc
2γ¯p = mpc
2Γγ¯′p, as it is the characteristic energy of protons that would



















(1− b)(3− b)(1 + z)x216(Γ/300)ǫpk
s−1 , (5)
and x = 1016x16 cm.
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2.2. Adiabatic Blast Wave
A blast wave with apparent total isotropic energy release E0 = 10
54E54 ergs and coasting
Lorentz factor Γ300 = Γ0/300 that sweeps through a uniform surrounding medium with
proton density n0 = 100n2 cm




∼= 2.6× 1016( E54
n2Γ2300
)1/3 cm (6)




1 + 2(x/xd)3 (7)
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1, τ ≪ 1
2−7/8τ−3/8, τ ≫ 1
, (9)
where dimensionless time τ = t/td = t




∼= 9.6(1 + z)( E54
n2Γ8300









)1/3 s−1 . (11)






τ, τ ≪ 1
(217/8/5)τ 5/8 ∼= 0.872τ 5/8, τ ≫ 1
, (12)
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2.3. Blast Wave Physics
We treat the photopion process in the fast cooling regime (Sari et al. 1998). The
minimum Lorentz factor γmin = ǫefpmpΓ/me, where fp = (p − 2)/(p − 1) and 2 < p < 3.
The emission detected by Swift is assumed to be nonthermal synchrotron radiation. The
mean magnetic field in the fluid frame is B = bBcr =
√
32πmpc2n0ǫBΓ ∼= 0.4√ǫBn0 Γ G ∼=
370
√
ǫB−1n2 Γ300(Γ/Γ0) G, where Bcr = m
2
ec
3/e~ ∼= 4.414 × 1013 G, and the minimum


















The cooling Lorentz factor γc = 3me(1 + z)/16mpσTǫBn0Γ
3ctdτ , and the cooling fre-
quency


















Comparing eqs. (13) and (14) shows that we are in the strong cooling regime, ǫc < ǫmin,
when
τ . 7× 105 (ǫe−1ǫB−1f5/2)2n4/32 E2/354 Γ8/3300 . (15)












e(γmin; x) , (16)
where UB = B
2/8π is the magnetic-field energy density in the comoving frame. For the
fast-cooling regime, N ′e(γmin)
∼= Ne(x)γcγ−2min and Ne(x) = 4πn0x3/3. Thus
fǫpk(10
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1, τ ≪ 1
0.09τ−3/2, τ ≫ 1
(18)











1, τ . 1
223/8τ 3/8, τ ≫ 1
(19)
at the characteristic energy








1, τ . 1
3.4τ 3/4, τ ≫ 1
(20)
of an escaping cosmic ray measured in the local source frame.
Because a significant energy gain by a particle can take place through Fermi acceleration
mechanisms on times not shorter than the Larmor time t′L = mc
2γ′p/eBc = (mc/eB)(γ/Γ)
(Rachen & Me´sza´ros 1998), the acceleration time scale in the proper frame can be written
as t′acc = ζacct
′
L, ζacc ≫ 1. Hence the acceleration rate racc at the peak cosmic-ray proton
energy is given by
t′−1acc (E¯p)








1, τ . 1
1
11.4τ3/2
, τ ≫ 1
(21)








(1 + 27/8τ 3/8)2
(22)
The mean escape rate using the Bohm diffusion approximation is given by t′esc =
〈x〉2/2κB, where κB = c2t′L/3 is the diffusion coefficient, the characteristic dimension 〈x〉
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is the shell width ∆′ = f∆x/Γ, and f∆ ∼= 1/12 for the width of the shocked fluid shell swept
from the circumburst medium by an adiabatic relativistic blast waves (e.g., Panaitescu &






















τ−2, τ . 1
2.4τ 1/4, τ ≫ 1
. (24)















τ−2, τ . 1
(2τ)−1/2, τ ≫ 1
. (25)
We also have the Hillas (1984) condition that the Larmor radius rL = (mc
2/eB)(γ/Γ) .
∆′ ∼= f∆x/Γ, limiting acceleration to protons with energies less than
EHp (10











τ, τ . 1
τ−1/8
25/8
, τ ≫ 1
, (26)
using the asymptotes, eqs. (8) and (9). Note the slow late-time decline EHp ∝ t−1/8 when
τ ≫ 1 (Vietri 1998; Bo¨ttcher & Dermer 1998). Thus we see that standard parameter values
allow Fermi acceleration of protons to ultra-high energies in GRB blast waves, making GRBs
a leading candidate for UHECR production.
2.5. Proton Synchrotron Radiation












∼= 9.4× 10−6n2ǫB−1Γ300E20 ( Γ
300
) s−1 . (27)
The mean proton synchrotron photon energy from escaping protons with energies 1020E20
eV, E20 = γ11/10














notably independent of time. For parameters that make a highly radiative blast wave phase,
ǫp,syn for proton synchrotron emissions from UHECRs in GRBs will be found in the TeV
range with a well-defined spectrum (a ∼= 1/2) to lower energies. To avoid attenuation by
the diffuse intergalactic infrared radiation fields, low redshift GRBs measured are favored to
detect this emission. These can be measured with low-threshold air Cherenkov telescopes
such as MAGIC. The photon flux at these energies is very low, so only a few & 100 GeV
photons could be detected with a direct detection telescope such as GLAST.
3. Results
We adopt the following Standard Parameter set:
z = 1,Γ300 = 1, E54 = 1, n2 = 1, ǫe−1 = 1, ǫB−1 = 1 .
This set is motivated by values that reproduce typical peak fluxes and durations for BATSE
GRBs at z ≈ 1 (Chiang & Dermer 1999), except that here ǫB = 0.1 rather than ǫB ∼= 10−4.
Fig. 1(a) plots the standard parameter rates for acceleration, photopion losses, proton
synchrotron losses and escape for cosmic rays with energy E¯p, the νFν peak photon energy
ǫpk, the cosmic-ray peak energy E¯p, and the mean proton synchrotron photon energy ǫp,syn
radiated by protons with energy E¯p. Here and throughout we use an acceleration factor
ζacc = 10 and kinematic factor k = 1. The acceleration rate exceeds the inverse of available
time throughout the early afterglow phase, so cosmic rays with energies ∼ E¯p are in principle
easily accelerated through Fermi processes. Only at several hours into the afterglow emission
do photopion losses limit acceleration to Ep . E¯p. At these late times, proton synchrotron
emissions make a &1% contribution to the total loss rate. The diffuse escape rate of protons
can appear as a &1% effect on the total rate, but is generally insignificant in the early
afterglow. This GRB is brightest ≈ 20 s after first being detected.
The acceleration, escape, and loss rates for a cosmic ray proton with Ep = 10
20 eV are
plotted in Fig. 1b. As can be seen, there isn’t enough time to accelerate cosmic rays to
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& 1020 eV energies for these parameters, so there can’t be significant & 1020 eV cosmic ray
(super-GZK) production or photopion losses from such GRBs. Protons would also escape
before a significant fraction could be accelerated to such energies.
A set of parameters that overcomes these limitations is easily found. Consider Parameter
Set 1,
z = 1,Γ300 = 1, E54 = 1, n2 = 10, ǫe−1 = 3, ǫB−1 = 3 ,
giving the rates, fluxes, and energies shown in Fig. 2. For 1020 eV cosmic rays shown in the
lower panel, an interesting conjunction occurs when rφπ ≈ 1/t′ava . racc, which happens here
at ≈ 300 s. Protons accelerated to ≈ 1020 eV energies are converted, ∼ 1/3 of the time,
to ultrarelativistic neutrons that escape from the blast wave to form one component of a
neutral beam (Atoyan & Dermer 2003), the other two components being the neutrinos and
the γ rays.
The GRB formed in this example has a rather high ǫpk ∼ 8 MeV, but values of Γ0 . 300
will lower ǫpk during the prompt phase and lengthen the prompt phase duration. Fig. 3
shows the results for Parameter Set 2
z = 1,Γ300 = 0.5, E54 = 10, n2 = 10, ǫe−1 = 1, ǫB−1 = 3 .
This GRB peaks & 50 s after the trigger, has a lower ǫpk, and reaches a slightly lower
fǫpk peak flux than in Fig. 2. These correlations make a range of GRBs according to the
variable-fireball-loading (“dirty-fireball”) model (Dermer et al. 1999) for GRBs and X-ray
flashes.
Parameter Set 1 gives a fast-cooling GRB with ǫe = 0.3 and a radiative photopion
phase. The 30% factor means that a large fraction of the swept-up power is assumed to be
found in nonthermal electrons rather than in baryons or fields. A large body of parameter
values clustering around the Parameter Set 1 values predict strong photopion losses in the
early afterglow phase. If ǫe . 0.1, then agreement with GRB energetics for the apparent
total isotropic energy release means that any given GRB carries a large baryon load, so that
E54 & 1 – 10. The larger values of total apparent energy now acceptable due to a small
ǫe parameter make it certain that, assuming that GRBs accelerate UHECRs, neutral beam
power and escaping ions efficiently deplete internal blast wave energy and consequently affect
the blast-wave dynamics.
4. Blast Wave Evolution from Radiative Discharge
Adiabatic expansion converts the internal energy of the explosion into directed kinetic








M0 +m(x) + U
, (29)
where the blast wave momentum P =
√
Γ2 − 1, M0 = E0/Γ0c2 is the initial baryon mass





dp′(γ′p − 1)N ′(p′; x) (30)
represents the internal energy, excluding rest-mass energy, where p′ = γ′2− 1 is the proton’s
dimensionless momentum. The differential swept-up mass dm(x)/dx = 4πmpx
2 next(x),
and next(x) is the circumburst medium density, assumed radially symmetric about the GRB
source. The internal energy U changes due to volume expansion according to the relation
dUadi
dx













)N ′(p′; x) . (31)
The equations for the evolution of the blast-wave momentum P = βΓ =
√
Γ2 − 1 are
plotted in Fig. 4 in different approximations. The curve labeled “full treatment of adiabatic
losses” uses the above equations. The curve labeled “momentum conservation solution” is
the simpler equation
− dΓ/dx
Γ2 − 1 =
dm/dx
M0 +m(x) + U
, (32)
where the adiabatic loss term is dropped, and which is often used to describe blast-wave
evolution. As can be seen, this gives a reasonable approximation for relativistic blast waves.
The curve labeled “analytic blast wave” is a plot of eq. (7), and the curve labeled “momentum
conservation solution” shows the analytic form for a fully radiative blast wave (Blandford &
McKee 1976; Chiang & Dermer 1999).
The intermediate curves are solutions to eq. (32) assuming that the internal energy in
the blast wave is reduced by some fraction X of its original energy when the blast wave
reaches x = 6 × 1016. The light solid curves, from top to bottom, show X = 0, 25%, 50%,
75%, 90%, and 95%, with the 50% curve labeled. The 90% limit starts to represent the most
rapid transition between radiative regimes possible.
This rapid radiative discharge drives the blast wave from a quasi-adiabatic regime into
a strongly radiative regime, with an accompanying steep decline in the X-ray light curves,
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thus explaining the Swift results (Tagliaferri et al. 2005; O’Brien et al. 2006). More detailed
numerical simulations will be needed to assess the rapidity of the decline, which will be
limited by the curvature effect (Kumar & Panaitescu 2000; Dermer 2004) unless the jet is
structured. The temporal behavior of the escaping hadronic energy could also be responsible
for the X-ray phase in the early afterglow that decays more slowly than predicted by the
standard blast-wave physics model (Zhang et al. 2006; Fan & Piran 2006).
5. Explanations and Predictions
5.1. Explanations
Up to now, the details of the acceleration mechanism remain sketchy. The deriva-
tion of the acceleration rate, eq. (22), considered only the shock fluid quantities, and so is
commensurate with a turbulent, stochastic Fermi Type 2 mechanism, for example, through
gyroresonant acceleration of ions and electrons via MHD wave turbulence. Acceleration
through the stochastic Fermi mechanism makes hard number spectra (n(γ) ∝ γ−1), with
most of the energy content in the highest particle energies (Dermer & Humi 2001). Under
these circumstances, the cosmic-ray neutron discharge from GRB blast waves, as considered
here, produces a component of the UHECRs, possibly the dominant one. The mean injec-
tion spectrum per GRB is not yet calculated, and could range from a flat γ2n(γ) over a
narrow energy range, as in the model of Waxman & Bahcall (1999), to a power-law injection
γ2n(γ) ∝ γ−0.2, as in the model by Wick et al. (2004).
The release of energy in the form of neutrons or escaping ions means that there was
much more energy in the GRB blast wave during the prompt phase. Thus the efficiency of
γ-ray production during this phase is low, which reduces the requirements on efficiency in
either external or internal shock models of GRBs.
5.2. Predictions
Here we discuss direct, radiative signatures for the hypothesis that UHECRs originate
from GRBs. Figs. 2 and 3 show conditions where rapid dissipation of hadronic energy through
photopion processes happens. In all cases, the blast wave is assumed to be radiating in the
fast-cooling limit, so that the νFν indices a ∼= 1/2 and b = 1− (s/2), where s is the electron
injection index (with s ≈ 2.2 for shock Fermi models). Already a careful spectral analysis
when ǫpk sweeps through the Swift XRT detector could see if GRB blast waves evolve within
a few hundred seconds to a condition where the ǫe and ǫB parameters are each & 10%.
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GLAST GBM and LAT observations joint with Swift will reveal the details of GRB
spectral evolution in exquisite detail. For the external shock model considered here, the
smooth circumburst medium asymptote is the easiest to calculate and gives typical values for
GRB emission properties. The temporally evolving ǫpk can be measured with GLAST GBM
and Swift BAT and XRT for comparison with generic external-shock model expectations, as
shown in Figs. 1 – 3. Differences between smooth profile and structured GRBs are due to
interactions of the thin blast wave with circumburst clouds having densities & 103 cm−3 and
sizes . x/Γ. In the external shock model, the GRB image consisting of γ-ray pulses and
X-ray flares is the tomographic image of the circumburst density along the line-of-sight to
the GRB explosion center (Dermer & Mitman 1999), not the consequence of internal shell
collisions.
A prediction of this model is hadronic γ-ray light consisting of proton synchrotron,
photopion and secondary photohadronic decay radiations that cascade to low enough energies
that γγ pair attenuation processes become negligible. This component varies differently from
the X-ray lepton synchrotron component, as demonstrated here for an adiabatic blast wave.
According to this interpretation, the hadronic emission component was already evident in
GRB 940217 (Hurley et al. 1994) and GRB 941017 (Gonza´lez et al. 2003), though some of the
γ rays for GRB 940217 may be SSC photons and some are background. The independently
varying hadronic emission component is a prediction for GLAST, and a major test of this
model.
Strong TeV radiations are made by the proton synchrotron and photopion cascade
radiations. The onset of strong photohadronic processes during the afterglow phase might
explain why the highest energy photon from GRB 941017 was seen ≈ 90 min after the GRB
(Hurley et al. 1994). As a prediction for the GLAST LAT, this model implies that anomalous
high energy γ rays from photohadronic processes should appear at ∼ minutes to hours after
the start of a GRB.
Ultra-high energy neutrinos are made by the release of blast wave energy though this
mechanism, and we predict the detection of a delayed neutrino flux at high energy. Unfor-
tunately the & 1017 eV neutrinos from the photohadronic processes in GRB blast waves are
at a difficult energy for IceCube to detect, but the & 1018 eV neutrinos could be detected in
sideways showers with Auger, or in balloon-borne detectors such as ANITA. The prediction
of the PeV neutrino flux for external shock processes in the prompt phase have only been
made for a uniform surroundings, where the rate is too low to be detectable with IceCube
(Dermer 2002). A clumpy medium may improve detectability; this has not been calculated
yet. But in the internal shell model for the γ-rays during the prompt phase, UHECRs accel-
erated in large fluence GRBs make neutrinos that would be detectable with IceCube when
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the shocked shell Lorentz factors ≈ 100, while being optically thick to γγ attenuation at
GeV energies (Dermer & Atoyan 2003; Razzaque et al. 2004; Guetta et al. 2004).
If GRBs are the progenitors of UHECRs (Waxman 1995; Vietri 1995; Dermer 2002),
then the superposed cosmic-ray intensity spectrum from all the UHECR GRB sources over
cosmic time display features of propagation: most pronounced are the GZK feature and the
ankle feature, possibly due to pair production (Berezinskii & Grigor’eva 1988; Wick et al.
2004; Berezinsky et al. 2005). Thus the UHECR spectrum will trace the GRB formation
rate, which could be different than the star formation rate due to metallicity-dependent
effects and the population of high-mass stars that collapse to form GRBs.
6. Summary and Conclusions
By carrying through the analysis of a complete leptonic/hadronic GRB blast-wave
model, we found a region of parameter space where, even in the simplest constant density
blast-wave model, photohadronic processes have important effects on blast-wave evolution.
Hadronic emissions consisting of high-energy neutrinos, cascade γ rays, and escaping cosmic-
ray neutrons are made by photopion processes, and additional cascade γ rays are made by
proton synchrotron radiation. This happens a few hundred seconds after the start of the
GRB for circumburst medium densities n0 & 10
2 cm−3, 100 . Γ0 . 300, E54 ∼ 1 – 10, and
ǫe, ǫB & 10%.
The GRB blast wave is predicted to evolve toward the strong cooling regime in the early
afterglow due to a strong photohadronic discharge of energy and direct escape of UHECR
ions. The change of ǫpk with time may indicate the evolution of the radiative regime during
the prompt and early afterglow phases. Hadronic γ-ray emission components are expected
in the early afterglow and extending to & 104 s after the GRB. The hadronic emission is
generally independent of the X-ray lepton sychrotron emission, but could be brightest during
the epoch where the most rapid X-ray declines are measured. A related flux of & 1017 eV
neutrinos is made at this time.
UHECRs originate from the hadronic discharge of ultra-high energy neutrons formed in
charge-changing photopion reactions and from escaping UHECR protons and ions. Detection
of photohadronic neutrinos and GeV – TeV γ rays in the early afterglow is a crucial test of
this model for cosmic-ray origin.
I thank A. Atoyan, M. Bo¨ttcher, and J. Chiang for collaboration and comments. I also
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(b) Calculated at Ep=10
20
 eV
Fig. 1.— (a) Characteristic rates and energies calculated at E¯p, (b) characteristic rates
calculated at Ep = 10












































































(b) Calculated at Ep=10
20
 eV
Fig. 2.— As in Fig. 1, but calculated for Parameter Set 1, with the energy of electrons,













































































(b) Calculated at Ep=10
20
 eV

































Fig. 4.— Evolution of GRB blast wave in different approximations (see text).
